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Abstract 
Recent studies indicate that the optimization design methods for the isolated signalized intersection, which integrate the 
temporal and spatial resources, can achieve more effective optimal design relatively. This paper presents extension work to 
further improve the lane-based method from two aspects of integrating temporal and spatial resources. One is adjusting 
existing constraints to reserve some conflict movements. The other is adding a constraint to reflect the adverse effects caused 
by the limitation of short lane. The lane markings and signal settings are taken as binary-type control variables to form 
BMILP formulas solved by Lingo. The East Beijing Rd and Danfeng St intersection in Nanjing, China is taken as an example. 
Optimization and simulation results indicate that the new method can obtain better operation performance than the lane-based 
method, and it is able to reflect the practical operational performance of the intersection which is influenced by short lane 
within limited length. 
© 2013 The Authors. Published by Elsevier B.V.  
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1. Introduction 
In practice, intersection can be controlled in various ways, whereas isolated signal-controlled intersections are 
still applied widely. The operational performance of most isolated signalized intersections does not function well, 
mostly because the temporal and spatial resources of the intersection are not fully used. There is potential 
reserved capacity of the intersection, which can be optimized by integrating the temporal and spatial resources. In 
a word, it is meaningful to study the optimization method for isolated signalized intersections. 
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This paper is organized as follows: Section 2 is for literature review. Section 3 presents the proposed 
optimization method, which includes the definition of input data and control variables, basic and additional 
constraints and the optimization objective. Section 4 employs field intersection data to validate and compare the 
improved method with the one proposed by Wong. Finally, section 5 gives some concluding remarks and 
recommendations for future study.  
2. Literature Review 
The first attempt, which combines the actual lane-use with signal settings into a design framework to 
simultaneously optimize lane-use and signal settings, was realized by Lam et al. (1997). Their findings indicated 
that a proper match between the lane-use and signal settings certainly improved the overall performance of an 
intersection. Recently, the lane-based optimization method combining the design of lane markings and signal 
settings for isolated signalized intersection was developed and its formulation was a direct extension of the 
phase-based method in which all phase-based variables and relevant controlling constraints are adopted and 
adjusted accordingly to integrate with other new lane-based variables and constraints. The lane markings were 
 optimization framework. The lane-based method 
was formulated as a mathematical program in which a set of linear constraints is set up to ensure the feasibility 
and safety of the resultant optimized lane markings and signal settings. The intersection capacity maximization 
and cycle length minimization problems were formulated as BMILP which are solvable by any standard branch-
and-bound routine (Wong and Wong, 2003a, b, c; Wong et al., 2006). By adding new integer variables to 
represent the numbers of approach lane in traffic arms, an extension work to obtain results of approach- and exit-
lane numbers, lane markings and signal settings simultaneously was presented (Wong et al., 2011). 
In mainland, China, the researches about the optimization method for integrating temporal and spatial 
resources of isolated signalized intersections are mainly phased optimization method. The optimization process 
includes three phases. Firstly, generate an initial design of intersection lane markings and signal settings. 
Secondly evaluate the initial design by simulation. If the evaluation result is not satisfied, optimization of 
intersection design will be taken out. The optimized design will be simulated and evaluated again, thus a 
recursion procedure is formed (Wang, 2006; Liu et al., 2009). However this method is complex and time 
consuming. 
Apparently lane-based method has an advantage in optimizing isolated signalized intersection. In the recent 
literature, all conflicts in the intersection were prevented. However when the amount of vehicles in conflicting 
traffic flow is small, they may have a small impact on the performance of intersection. So is it still necessary to 
avoid all the conflict movements? Moreover current methods do not consider the effect of short lane, which 
neglects the effect of queue blockage to or from the short-lane section and leads to a reduced total capacity of the 
approach (Wu, 2007). Further study about the influence of short lane should be carried on. 
3. Methodology 
3.1. Input data and control variables 
To implement the proposed optimization method for the temporal and spatial design of an isolated signalized 
intersection, diverse input data and control variables are required and defined as follows: 
Nomenclature 
1. Input data 
(1) Intersection geometry data 
VN                          Number of arms in an isolated intersection 
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iA , 1, , Vi N   Number of approach lanes in the arm i 
iE , 1, , Vi N   Number of exit lanes in the arm i 
(2) Movements on the intersection 
(u,v)        A pair of vehicle movements entering an intersection 
           A set containing all vehicle movements 
c           A subset of  referring to incompatible movements which are selected to be prevented 
(3) Signal data 
min max( )c c                                            Minimum (Maximum) cycle length 
,i jQ , 1, , ; 1, , 1V Vi N j N    Actual traffic demand turning flows 
,i jg , 1, , ; 1, , 1V Vi N j N    Minimum green durations for average lanes 
,i kg , (1, , ); (1, , )V ii N k A        Optimum green durations for short lanes 
,u v , ( , )u v                                Minimum clearance times 
(4) Saturation flow data 
,i ks , 1, , ; 1, ,V ii N k A            Lane saturation flows for straight-ahead movement 
,i kp , 1, , ; 1, ,V ii N k A           Maximum acceptable degree of saturation 
,i j , 1, , ; 1, , 1V Vi N j N     Conversion factor of turning movement to straight-ahead movement 
in the calculation of lane saturation flows 
2. Control variables 
(1) Binary variables 
, ,i j k , 1, , ; 1, , 1; 1, ,V V ii N j N k A            Permitted movement at lane k from arm i to arm j 
, , ,i j l m , ( , ),( , ) ci j l m                   Successor functions of conflict turning movement (i,j) and (l,m) 
(2) Continuous  variables 
, ,i j kq , 1, , ; 1, , 1; 1, ,V V ii N j N k A               Assigned lane flows in design 
           Common flow multiplier 
            Reciprocal of cycle length c 
,i jB , 1, , ; 1, , 1V Vi N j N        Beginnings of green for turning movements 
,i jD , 1, , ; 1, , 1V Vi N j N        Durations for green for turning movements 
,i kb , 1, , ; 1, ,V ii N k A                Beginnings of green on approach vehicle lanes 
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,i kd , 1, , ; 1, ,V ii N k A                Duration of green on approach vehicle lanes 
3.2. Basic constraints 
Based on the method proposed by Wong (2003a, b, 2011), the basic constraints of improved method can be 
divided into three categories, which are movement constraints, flow constraints and signal constraints. The three 
kinds of constraints referring to channelization, flow and signal respectively are three crucial factors in the 
intersection design. Take a crossroad intersection as an example, see Fig 1, the detailed constraints are introduced 
as follows. 
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Fig. 1. A crossroad example intersection of arm and lane configuration 
3.2.1 Movement constraints 
Constraint 1: Minimum permitted movement on approach lanes 
1
, ,
1
1
VN
i j k
j
, 1, , ; 1, ,V ii N k A                                       (1) 
Constraint 2: Minimum exit lanes in either arm 
, ,
1
iA
j i j k
k
E , 1, , ; 1, , 1V Vi N j N                         (2) 
Constraint 3: Prohibited movement 
, , ,
1
iA
i j i j k
k
Q , 1, , ; 1, , 1V Vi N j N                              (3) 
and                               , , , , 0i j k i j kq , 1, , ; 1, , 1; 1, ,V V ii N j N k A                   
(4) 
where  is an arbitrary large positive constant number.  
Constraint 4: Permitted movements across adjacent lanes 
, , 1 , ,1 i m k i j k , 1, , ; 1, , 2; 1, , 1; 1, , 1V V V ii N j N m j N k A           (5) 
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3.2.2 Flow constraints 
Constraint 5: Conservation of traffic demand and assigned flows on approach lanes 
A  is introduced to adjust the given actual . 
, , ,
1
iA
i j i j k
k
Q q , 1, , ; 1, , 1V Vi N j N                   (6) 
Constraint 6: Flow factor between adjacent lanes 
1 1
, , , , , 1 ,1 1
, , , , 1 , , , , 1
, , 1
( ) ( )
(2 ) (2 )
1, , ; 1, , 1; 1, ,
V VN N
i j k i j i j k i jj j
i j k i j k i j k i j k
i k i k
V V i
q q
s s
i N j N k A
         (7) 
Constraint 7: Maximum acceptable degree of saturation 
1
, , , ,
1, ,
1 ( )
VN
i k i j k i j
ji k i k
d q
p s
, 1, , ; 1, ,V ii N k A                              (8) 
3.2.3 Signal constraints 
Constraint 8: Cycle length 
The reciprocal of cycle length, =1/C, is defined as a control variable. 
min max
1 1
c c
                                                                        (9) 
Constraints 9: Lane signal settings 
, , , , , ,(1 ) (1 )i j k i k i j i j kb B , 1, , ; 1, , 1; 1, ,V V ii N j N k A                      (10) 
and                 , , , , , ,(1 ) (1 )i j k i k i j i j kd D , 1, , ; 1, , 1; 1, ,V V ii N j N k A                       
(11) 
Constraint 10: Beginnings of green 
,1 0i jB , 1, , ; 1, , 1V Vi N j N                                                (12) 
Constraint 11: Duration of green 
, ,1 i j i jD g , 1, , ; 1, , 1V Vi N j N                                            (13) 
Constraint 12: Order of signal displays in different situations avoiding selected conflicts 
Conflicts in the intersection can be divided into three types, i.e., merging, splitting, and crossing. The three 
types of conflict cause different degree of danger to the intersection. Splitting is not under consideration in the 
formulation. Crossing is most dangerous, so this kind of conflicts should be prohibited totally. When traffic flow 
in merging conflicts is small, the effect caused by merging can be neglected. The set of incompatible signal 
phases, c , can therefore be derived from , which is the set of crossing (or crossing and merging) conflicts 
chosen to be prevented. For any two incompatible signal phases (i, j) and (l, m) in c , the order of signal 
displays is controlled by the binary-type successor function (Heydecker, 1992), , , ,i j l m (=0 or 1). The following 
constraint can be presented for the successor functions: 
, , , , , , 1i j l m l m i j , (( , ),( , )) ci j l m                                                (14) 
Constraint 13: Clearance time 
, , , , , , , , , , ,(2 )l m i j l m i j k l m n i j i j u vD D B , ( , )u v                        (15) 
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3.3. Additional constraint 
At an isolated signalized intersection, there are normally turning lanes for left-turn or right-turn flows, which 
have limited length. Usually, the current lane-based methods do not exactly treat short lane at signalized 
intersection. The short lanes are treated as exclusive lanes. Such a treatment neglects the effect of queue blockage 
to or from the short-lane section. 
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Fig. 2. Example of an approach arm with short lane  Fig. 3. Saturation flow of approach arm changing over time 
It had also been found that the approach capacity with short left-turn or right-turn lanes is specifically related 
to the length of short lane, the ratio between the through and turning vehicles and the green time both for through 
and turning vehicles (Wu, 2007). Take Figure 2 as an example, let 4,1s , 4,2s  represent the saturation flow of 
exclusive lanes and 4,3s  is the saturation flow of short lane. If the length of short lane is insufficient, when the 
green starts, three lanes can be fully used during the first 1g  times and the total saturation flow of the approach 
arm 4 is 4,1 4,2 4,3s s s . 1g  is the time needed to let all the vehicles on short lane to depart. In the following 2g  
times, the short lane cannot be used, so the saturation flow of approach is reduced to 4,1 4,2s s . Referring to 
Figure 3, the effective saturation of short lane can be calculated as 4,3 4,3 1 /s s g g . 4,3s  and 1g  should satisfy the 
requirement as follows:  
4,3 / ( )s cs L l g , 1 /s cg L t l . 
where sL  is the length of short lanes; cl is the average length occupied by each car on short lane and every car 
takes average time t to depart from the intersection; g is the green time of the phase. 
If 1g g , a vehicle queue on short lane can be released entirely, and 4,3 4,3s s  means that the short lane is not 
fully used. If 1g g , a vehicle queue on short lane can also be released entirely. If 1g g , a vehicle queue on 
short lane cannot depart at one time, there will be a queue again. When 1g g  and 1g g , 4,3 4,3s s  and the 
short lane is fully used. So in order to fully use the short lane and avoid queuing again, we set an additional 
constraint. 
Constraint 14: Optimal duration of green for short lane with limited length 
Only if the duration of green for short lane is equal to 1g (the optimum green duration for short lane), can the 
short lane be fully used and blockage queue be prevented. When an intersection has short lanes in limited length, 
the following constraint is required. 
, ,
, /
i k i k
i k s c
d g
g L t l ,
 k is number of short lane                                                (16) 
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3.4. Optimization objective 
One important design aspect of signalized intersection is to maximize the capacity of the intersection with the 
for the vehicle movements in the intersection will increase in proportion to the demand matrix (Wong et al., 
2006), the problem becomes one of determining the largest common multiplier, max , which can be 
max <1 then indicates that the intersection is overloaded by 100(1- max ) percent, and a value of max >1 indicates 
a reserve capacity of 100( max -1) percent. So the maximization of  is the 
optimization objective of the intersection capacity maximization problem. 
4. Implementation 
In this section a real intersection is taken as an example. With field data, the capacity maximization can be 
effectively formulated as a Binary-Mixed-Integer-Linear-Program (BMILP) and standard branch-and-bound 
technique is applied to solve for the global optimum solution. The processing software LINGO 11 is adopted to 
solve BMILP and achieve the optimization results. Then the optimization scenarios are compared using 
simulation software SYNCHRO 7. 
4.1. Data sources 
The East Beijing Rd and Danfeng St intersection, located at Nanjing, China, is a typical four-arm signalized 
intersection with short lanes. The south, west, north and east arms are Danfeng Street (1), East Beijing Road (2), 
Anren Street (3) and East Beijing Road (4) respectively (see Fig 4). 
 
East Bejing Road 
arm 2
Danfeng Street arm 1
Anren Street 
arm 3
East Bejing Road 
arm 4
Approach 
lanes
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Approach 
lanes
Approach 
lanes
Approach lanes
Exit lanes
Exit lanes
Exit lanes
(a) Screenshot from google map (b) schematic diagram of the intersection  
Fig. 4. Layout of the East Beijing Rd and Danfeng St intersection 
4.1.1 Geometric conditions 
More detail information about the intersection geometric conditions are list in Table 1. 
Table 1. Geometric condition of East Beijing Rd and Danfeng St Intersection 
Approach East Beijing Road (4) Anren Street (3) East Beijing Road (2) Danfeng Street (1) 
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Number of lanes (channelization) 4 (1L,2T,1R) 5 (2L,2T,1R) 4 (1L,2T,1R) 4 (1L,2T,1R) 
Length of short lane (m) 185.0 50.0 50.0 50.0 
4.1.2 Traffic flow conditions 
The peak-hour traffic flow of East Beijing Rd and Danfeng St Intersection is presented in table 2, which is 
obtained by artificial counting method. 
Table 2 Peak hour traffic flow of East Beijing Rd and Danfeng St intersection (pcu/h) 
          Exit 
Approach 
1 2 3 4 
1 - 240 352 144 
2 456 - 80 1084 
3 424 220 - 464 
4 72 1216 404 - 
4.1.3 Three optimization cases 
Case 1 
Based on the lane-based method (Wong 2003a), all merging and crossing conflicts are avoided. 
Maximize   
Subject to constraints in (1)-(15), avoiding all kinds of conflicts. 
Case 2 
The left-turn demand traffic flows 2,3Q  and 4,1Q  are comparatively low, so the merging conflict movements 
(2,3,4,3) and (2,1,4,1) can be reserved. In Case 2, the optimization objective still subjects to basic constraints, 
while Constraints 12 and Constraints 13 are adjusted to reserve the incompatible movements (2,3,4,3) and 
(2,1,4,1). 
Maximize   
Subject to constraints in (1)-(15), reserving merging conflicts (2,3,4,3) and (2,1,4,1) on the intersection. 
Case 3 
Due to the traffic investigation, blockage queue of short-lane occurred on arm 1 and arm 3 sometimes, which 
reduced the intersection capacity, i.e. the limitation of short-lane is required to be considered in the constraints. 
Based on Case 2, Case 3 adds the additional constraint, considering the limit of short-lane on arm 1 and arm3. 
Maximize   
Subject to constraints in (1)-(16), reserving merging conflicts (2,3,4,3) and (2,1,4,1) on the intersection. 
4.2. Optimization method 
Three cases mentioned in Section 4.1.3 are formulated into three BMILPs, which can be solved easily by 
LINGO 11. In order to solve these three formulas, some parameters still need to be illustrated in this section. 
First, maximum cycle length is set to be 120s in all cases. The maximum acceptable degrees of saturation on 
 -ahead movement (in tcu/h) 
is estimated by the formula, which is proposed by Kimber et al. ( ,i jQ  is 
tabulated in Table 2 in pcu/h. To account for the effects of different turning movements, tcu conversion factors 
,i j  1.3  and 1.1  and are the 
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numerical factors applied to all right-turn and left-turn  view of the effect of their turning 
paths. And 1.0  will be applied for all straight-ahead movements. The minimum green durations ,i jg  are 5s for 
 6s. The average 
length occupied by each car on short lane is assumed to be 10m and every car takes average time t to depart from 
the intersection is 4.8s. 
4.3. Results 
Table 3 summarizes the general optimization results including the maximized common flow multipliers, the 
corresponding optimized reserve capacities and the optimized reciprocal of cycle lengths of the three cases. All 
three programs ran on a PC equipped with Intel Core i7 processor clocked at 3.40 GHz and 4.00 GB of RAM. It 
can be observed from the Case 1 and Case 2 that 31.54% more traffic based on the given demand flow matrix 
could enter the intersection and the degrees of saturation of all approach traffic lanes are still under 90%. While 
the limitation of short-lane length is considered, the operational performance in terms of the reserve capacity is 
reduced. There is only 26.47% reserve capacity in Case 3, which is similar to the real operational performance of 
intersection with limited short-lanes. When the design objective is to maximize the capacity, the optimized cycle 
length is all binding at the maximum allowable limit which is 120s for all three cases. The computing times for 
all three cases take less than 2min and as expected, tend to have the same change as the number of variables 
changes. 
Table 3 Summary of optimization results 
Case max  Optimized reserve capacity (%) Optimized (s-1) Runtime of LINGO 11(hh:mm:ss) 
1 1.315399 31.54 1/120 00:01:41 
2 1.315399 31.54 1/120 00:01:19 
3 1.264745 26.47 1/120 00:01:40 
Fig. 5(a) plots the results of the optimal lane markings for the intersection capacity maximization in the three 
study cases. It can be observed that the design of lane markings for optimal control of traffic is similar for all 
three cases, which indicates the addition of merging conflicts and the consideration of short-lane have relatively 
small impact on channelization. The complicated cycle structure is formed automatically during optimization. 
Optimized signal stages and groups are determined with minimal manual input (see Fig. 5(b)). 
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(a) Optimization results of channelization 
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Fig. 5.  Optimization results 
4.4. Comparative Analysis 
For further comparison, simulation models of three optimization results are built by SYNCHRO 7. The 
intersection configuration and lane markings are based on Table 1 and Fig. 5. Matrix of ,i jQ  (see Table 2) are 
input as the demand traffic flow. The signal of intersection is set based on Fig. 6. The total simulation time is 
90min and recording time is 60min. A summary of the simulation results for three cases is shown in Table 4. 
Vehs entered  and Vehs exited  represent the capacity of intersection. It can be observed that Case 1 and Case 
2 have almost the same capacity and Case 3 has less capacity, which is consistent with the optimization results 
(see Table 3) and also validates that short-lane with limited length reduce the capacity of intersection.  
Comparing Case 1 with Case 2, from the rows of the travel time and total delay in Table 4, it can be illustrated 
that the operation performance of Case 2 is better than Case 1. However, as some conflicts are reserved, the total 
stops are increasing in Case 2 compared to Case 1. Compare Case 2 to Case 3. Due to the influence caused by the 
limitation of short-lane, the operation performance of intersection is worse. According to the comparison 
analysis, the improved optimization method (e.g., Case 2) is effective and attractive. 
Table 4 SimTraffic simulation summary 
Case 1 2 3 
Vehs entered 5119 5120 5090 
Vehs exited 5146 5145 5098 
Travel time (hr) 93.3 89.0 117.3 
Total delay (hr) 59.9 55.6 84.1 
Total stops 3645 3686 3634 
5. Conclusions and Future Work 
In this paper, an improved optimization method is presented for integrating temporal and spatial resources of 
isolated signalized intersection. Based on the lane-based design method (Wong, 2003a), two changes are made. 
One is redefining the constraints to select conflict movements which should be avoided. Other constraints of 
optimal green duration for short-lane within limited length are added. The capacity of an intersection is 
maximized through maximizing the common flow multiplier that is formulated as a BMILP problem, which is 
solved by a standard branch-and-bound routine in LINGO 11. Three cases with different constraints are 
presented. According to the comparative analysis, the improved optimization method (e.g., Case 2) is effective 
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and attractive. What s more, with the additional constraints, the improved optimization method can obtain better 
results which are closer to the practical situation. 
In the future, the cycle length and delay minimization problems can be formulated. Pedestrian phases should 
Further researches are 
needed to get the critical traffic flow of conflict movements that can be reserved. 
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